As the display resolution increases, an effective image upscaling technique is required for recent displays such as an ultra-highdefinition display. Even though various image super-resolution algorithms have been developed for the image upscaling, they still do not provide the excellent performance in the ultra-high-definition display. This is because the texture creation capability in the algorithms is not sufficient. Hence, this paper proposes an efficient texture creation algorithm for enhancing the texture super-resolution performance. For the texture creation, we build a database with random patches in the off-line processing and we then synthesize fine textures by employing guided filter in the on-line real-time processing, based on the database. Experimental results show that the proposed texture creation algorithm provides sharper and finer textures compared with the existing state-of-the-art algorithms.
Introduction
In recent displays such as ultra-high-definition (UHD) display, image upscaling performance is significant for improving the image quality of various low-resolution contents. To cope with this tendency, various image super-resolution (SR) techniques were recently proposed [1] - [7] . Among the techniques, several deep-learning-based SR approaches [5] - [7] are being recognized as providing the promising solution. However, despite their promising results on coarse edges and lines, they still suffer from the limited performance on textures. This is because fine texture components are not enough in their processed results. In addition, we note that the existing algorithms [1] - [7] tend to be less efficient for the real-time hardware design in terms of computational complexity.
To compensate both the texture SR performance and the efficiency of existing algorithms, in this paper, we present a practical texture creation algorithm which is quite suitable for the hardware implementation. For the texture creation, we synthesize fine textures by utilizing random patches as a database, unlike the existing algorithms. We also introduce a texture harmonization scheme as a new application of guided filter [8] . As illustrated in Fig. 1 (a) and Fig. 1 (b) , the proposed texture creation algorithm can provide promising visual effects on texture images. In the rest of this paper, we first describe the proposed algorithm along with four sections. We then present experimental results and finally summarize the paper.
Proposed Algorithm
To overcome aforementioned drawbacks in texture SR, we suggest a new texture creation algorithm, as shown in Fig. 2 . The algorithm adopts a patch-based scheme with overlapping, by shifting the patch of 7 × 7 by 1 pixel in raster scan order. It consists of several sub-steps: database building, random patch determination, random patch attachment, and texture harmonization. Details in each step will be described in the following four sections.
Database Building
In the off-line processing, we build a database using random patches which are matched to Gray-scale pixel values of 0 to 255, as shown in Fig. 3 . To this end, we first generate a small number (= N) of seed patches. Here, each seed patch is obtained by generating Gaussian random numbers with zero mean and a standard deviation of 1. We then obtain 256 random patches based on the linear interpolation using adjacent seed patches. With this technique, the random patches are generated so that their values can gradually change according to the Grayscale pixel values. The generated random patches are utilized as an external database for the proposed algorithm. Implementation details of the database building scheme are also described in Algorithm 1.
Random Patch Determination
For the on-line processing of an input image, we first determine a corresponding random patch in the database by using a pixel value. For example, if the pixel value is 1, the second Copyright c 2018 The Institute of Electronics, Information and Communication Engineers random patch is determined in the pixel position, as shown in Fig. 2 . It enables to keep temporal consistency between processed frames.
Random Patch Attachment
To estimate an initial texture, we attach the determined random patches into every pixel position, and we then average the values in the overlapping pixel areas. Note here that the center of each random patch is placed on the matched pixel position.
Texture Harmonization
Meanwhile, since the initial texture is generated based on random patches, it's correlation with the input image can be degraded. Accordingly, we harmonize the initial texture p with the input image I, in order to enhance the correlation between the two images while reducing undesirable artifacts. The harmonized texture q is obtained by applying the guided filtering [8] as
where
Here, (x, y) denotes the pixel position,p andĪ are denote mean values of patches in the initial texture and the input image, respectively. In Eq. (2), cov() and var() denote covariance and variance, respectively. Implementation details of the patch-based texture creation scheme above are also described in Algorithm 2.
The patch-based texture creation scheme above is performed in every pixel position of the input image. Whole harmonized texture image is then obtained by attaching the values of q in raster scan order. Finally, a texture-enhanced result can be acquired by adding the harmonized texture image to the input image.
Experimental Results
For experiment, we use five test images downloaded from YouTube with a resolution of 4K UHD. We additionally use five general test images with various resolutions in the experiment. In the proposed algorithm, the patch size of random patches is set to 7 × 7 and the quantization step size Q is set to 8. Additionally, the patch size for the guided filtering is set to 3 × 3 and the related parameter ε is set to 10 −6 . Figure 4 and Fig. 5 show upscaled results by a magnification factor of 4 for two images of SwissMountain and GirlFace to verify the subjective performance of the proposed algorithm and to compare it with several existing state of the art SR algorithms [5] - [7] . Executable source codes of the compared algorithms are available on the authors' websites. In the experiment, we apply the proposed texture creation algorithm to the luminance channel of the result of the algorithm [5] .
We can easily note in Fig. 4 (c) -(e) and Fig. 5 (c) -(e) that the existing state-of-the-art SR results are not satisfactory because fine textures are hardly generated while improving the sharpness of coarse edges or lines such as the [6] . (e) Result of RDN [7] . (f) Result of proposed algorithm. stripe and the eyelid compared with the bicubic interpolation results given in Fig. 4 (b) and Fig. 5 (b) . On the contrary, the proposed algorithm produces sharper images by creating abundant small details such as the spot and the freckles compared with existing algorithms, as shown in Fig. 4 (f) and Fig. 5 (f) . This substantial visual improvement is achieved by describing the materials of rock and face quite similarly to the original materials shown in Fig. 4 (a) and Fig. 5 (a) .
In addition, an objective comparison is conducted using two metrics of S3 index [9] and BRISQUE [10] which measure of the degree of the image sharpness. We choose the two metrics, as those are known to have a high correlation with human subjective evaluation. Table 1 shows the S3 index and BRISQUE values computed from luminance channels of four-fold magnified results. We can see the table that the proposed algorithm provides the best objective quality in most cases, in terms of S3 index and BRISQUE values.
Meanwhile, the proposed algorithm is cost-efficient [6] . (e) Result of RDN [7] . (f) Result of proposed algorithm. enough to be embedded in the real-time hardware chip, since it utilizes online memory processing using only 7 lines of the luminance channel as well as it requires low computational complexity. The computation time of the proposed algorithm is about 16 milliseconds for a 4K UHD image (4K@60 fps), under a visual C++ environment on a 4.3 GHz CPU.
Discussion
The existing state-of-the-art algorithms [6] , [7] restore the original image from the low-resolution image, based on dimensionality stretching (SRMD) and residual dense network (RDN), respectively. Those algorithms commonly focus on restoration of original signals by using a loss function of mean square error between original and processed images in their learning procedures. To this end, the database for the learning is constructed by utilizing a pair of patches of low-resolution and high-resolution. It helps to improve strong edge features well because the loss function is dominantly influenced by the modification of edge features. On the other hand, lost textures tend to be rarely improved by the restoration-based approaches. It is because the modification of weak textures has less effect on the loss function than that of strong edges. To cope with the remaining issue, we perform the texture creation by focusing on the texture enhancement rather than restoration of original signals. Different from the existing algorithms, the proposed algorithm uses random patches as a database, instead of the pairwise patches. Patch-based texture synthesis is then applied based on random patches and guided filter. Finally, the performance of the proposed algorithm is validated via sufficient experiments.
Conclusion
In this paper, we propose the real-time texture creation algorithm to address a critical drawback in texture SR, which is still not yet solved. For the texture creation, we build the database using random patches and we then synthesize fine textures based on the database and the guided filtering. It is clearly demonstrated in experimental results that the proposed algorithm achieves superior performance to the existing algorithms in terms of both objective and subjective qualities.
